Increased risk of soil waterlogging in winter and spring at northern latitudes will potentially affect forest production in the future. We studied gas exchange, chlorophyll content index, chlorophyll fluorescence, nutrient concentration and biomass accumulation in 1-year-old silver (Betula pendula Roth) and pubescent birch (Betula pubescens Ehrh.) seedlings. We hypothesized that B. pubescens has different physiological mechanisms that make it tolerate waterlogging better than B. pendula. The treatments were: (i) no waterlogging throughout the experiment; (ii) 4-week waterlogging during dormancy (dormancy waterlogging 'DW'); (iii) 4-week waterlogging during the early growing season (growth waterlogging 'GW'); and (iv) 4-week DW followed by 4-week GW during the early growing season ('DWGW'). Stomatal conductance and light-saturated net assimilation rate were reduced by GW in both species, and in B. pubescens also by DW. However, recovery was seen during the follow-up growing season. In B. pendula, DW, GW and DWGW temporarily resulted in reduced stem biomass, and GW and DWGW caused reduced leaf biomass. In B. pubescens, the stem biomass was decreased in GW and DWGW. Leaf nitrogen (N) and phosphorus (P) concentrations were generally low, and increased by GW, while potassium, calcium, magnesium and to some extent, boron and zinc concentrations decreased in both species and additionally manganese in B. pendula. The increases in N and P are mostly due to a concentration effect due to smaller leaf biomass, yet suggest that their uptake was not impaired. The decreases in cation concentrations are likely to be connected to impaired root functioning, which was not yet fully recovered from GW. We conclude that morphological acclimation to waterlogging of the leaves and roots rather than photosynthesis explains why B. pubescens is able to grow better in wetter areas than B. pendula.
Introduction
Growth of boreal forests is predicted to increase with climate change due to a prolonged growing season that is accompanied by increased precipitation and elevated temperatures in winter and spring (Bergh et al. 2003 , Kellomäki et al. 2008 . The increased frequency and intensity of winter rainfall, however, brings a risk of waterlogging in lowland areas (IPCC 2013) and drained peatland forests where the low groundwater table is maintained by means of transpiration and canopy interception (Sarkkola et al. 2012) . Peatland forests are important resources for the forestry sector in Finland because they account for about a quarter of the annual wood production (Hökkä et al. 2002) . Waterlogging causes deprivation of soil oxygen content, which disturbs root functions and consequently affects shoot growth. Knowledge of the effects of waterlogging in winter and spring on forest trees in boreal areas is important for predicting future forest growth and production. Tree physiology and growth responses under waterlogging conditions during the growing season are relatively well understood (Dreyer et al. 1991 , Nicolás et al. 2005 . In contrast, tree responses to waterlogging during dormancy and at the beginning of the growth season are much less well known (Crawford 2003) . Furthermore, even less is known about physiological recovery from winter or spring waterlogging, especially in boreal tree species.
Waterlogging interferes with photosynthesis either through stomatal or non-stomatal control or both (Saibo et al. 2009, Ashraf and Harris 2013) . Reduced gas exchange has been found in several other tree species exposed to anoxic or hypoxic soil, but the rate and strength of response depend on the species and probably the phase of annual development (Kozlowski 1997 , Mukassabi et al. 2012 . Reduced stomatal conductance leads to reduced CO 2 availability and consequently reduced rates of photosynthesis (Kozlowski 1997, Pezeshki and DeLaunne 1998) . Changes in the chloroplast structure can also affect photosynthesis, e.g., through reduced thickness in the grana stacks, which can be understood to mean reduced chlorophyll content (Sutinen and Kivimäenpää 2000) and consequently also reduced chlorophyll fluorescence (F v /F m ) (Baker and Rosenqvist 2004) . Waterlogging has been shown to reduce water-use efficiency in 6-month-old Carrizo citrange (Citrus sinensis × Poncirus trifoliata) seedlings (García-Sánchez et al. 2007 ) and 30-day-old Hibiscus esculentus seedlings (Ashraf and Arfan 2005) .
Starch is stored in chloroplasts of the photosynthetic leaves to buffer the asynchrony of over-supply of sugars and demand for growth and metabolism. Fine branches, fine roots, sapwood and phloem are the locations for seasonal storage pools. Starch is redistributed across the different organs to support respiration, structural and reproductive growth and to maintain hydraulic integrity when it is needed (Hartmann and Trumbore 2016) . One adaptation strategy to long-term waterlogging in floodtolerant species is to allocate carbohydrates to roots to increase anaerobic fermentation in hypoxic or anoxic conditions (Parent et al. 2008) . In contrast, flood-intolerant species typically accumulate photosynthates, such as starch in leaves (Gravatt and Kirby 1998 , Wang et al. 2013 , which is associated with the decline of downward translocation of current photosynthates (Kreuzwieser et al. 2004 , Sloan et al. 2016 .
Waterlogging is known to affect nutrient availability in the soil, nutrient uptake by the roots and consequently the nutritional status of the tree (Kreuzwieser and Gessler 2010) . Phosphorus (P) can be released from insoluble, adsorbed and bound forms under soil waterlogging condition (Ponnamperuma 1972 are toxic to plants, however. Leaf potassium (K) concentration has been reported to decrease with soil waterlogging (Fisher and Stone 1990) . Both K and boron (B) are readily leached with excess water, and the effect of waterlogging on the B status of birch seedlings is not well known. Boron deficiency is common in northern Europe in nitrogen (N)-fertile boreal Norway spruce stands and in drained peatlands (Lehto et al. 2010) . Betula pendula Roth and Betula pubescens Ehrh. are two important forest tree species in northern Europe. Betula pendula favors well-drained soil (Hynynen et al. 2010 ) but B. pubescens survives wet soil conditions like those in peatlands (Niemistö et al. 2008 ). Previously we have reported morphological changes in B. pendula and B. pubescens after waterlogging during dormancy and the early growing season (Wang et al. 2016) . After drainage, root growth was found to be decreased only in B. pendula by dormancy waterlogging. Reduced root growth was also found by growth waterlogging in B. pendula and B. pubescens seedlings. Betula pubescens showed a temporary surge in fine-root growth during growth waterlogging, which is possibly connected to the maintenance of root hydraulic conductance in this species. Leaf area was found to decrease in both species during growth waterlogging (Wang et al. 2016) . In the present work we explore the possible mechanisms causing the morphological changes in these two closely related species. We studied physiological responses by measuring gas exchange, the chlorophyll content index (CCI), F v /F m , the soluble sugar and starch concentration, nutrient concentration, as well as the accumulation of leaf and stem biomass during growth waterlogging and after drainage following growth and dormancy waterlogging. We hypothesized that B. pubescens has different physiological mechanisms that make it more waterlogging tolerant than B. pendula. The specific hypotheses were: (i) Waterlogging causes a decrease in photosynthesis that is brought about by both a decrease in stomatal conductance and non-stomatal factors projected to the photosynthetic apparatus as well. (ii) Waterlogging affects source-sink relations of carbohydrates between leaves and roots. (iii) Nutrient concentrations in leaves, with the exception of Fe and Mn, are reduced by waterlogging due to reduced uptake.
Materials and methods

Plant cultivation and waterlogging treatment
The cultivation of B. pendula and B. pubescens seedlings for the experiment has been described previously (Wang et al. 2016) . Briefly, 1-year-old containerized B. pendula (PL25, peat plug volume of 380 cm 3 , seedling height 40-72 cm) and B. pubescens (Ek28, peat plug volume of 280 cm 3 , seedling height 40-66 cm) seedlings were cultured at a commercial tree nursery in Saarijärvi, Central Finland (62°46′ N, 25°37′ E), with seed-orchard seed (Sv422 and Sv421, for B. pendula and B. pubescens, respectively). The seedlings remained under snow cover until the end of March 2011, before being transported to Joensuu (62°36′ N, 29°45′ E, 80 m above sea level), stored for 1 day in a growth chamber at 2°C and then replanted into pots (11 cm × 11 cm × 12 cm) with mineral soil with the whole peat plugs.
Altogether 288 pots (144 per species) were distributed in 48 basins (35 cm × 23 cm × 12 cm). There were six seedlings of one species in one basin. The basins were placed in two growth chambers (PGW36, Conviron Ltd, Winnipeg, Canada). Each chamber contained 24 basins (12 for each species), and they were allotted into three replicate blocks. In each block, there was one basin of each of the four treatments (see below) and species. There were six replicate basins with six seedlings for both species in each treatment. The experiment comprised a 4-week dormancy period (Weeks 1-4), a 4-week early growing season (Weeks 5-8) and a 4-week later growing season (Weeks 9-12). The treatments were: (i) no waterlogging ('NW'; Weeks 1-12), (ii) waterlogging during dormancy (dormancy waterlogging 'DW'; Weeks 1-4), (iii) waterlogging during growth (growth waterlogging 'GW'; Weeks 5-8) and (iv) DW followed by GW ('DWGW'; Weeks 1-8). In the statistical tests described below, DW and GW (main) effects are referred to in lowercase, as 'dw' and 'gw', respectively. The physiological parameters were measured during the latter part of GW and during the follow-up growing season after drainage following DW and GW. During waterlogging, the water level was maintained at the soil surface. The seedlings that were not waterlogged were irrigated as in Wang et al. (2016) . During dormancy, the air temperature was 2°C, air relative humidity (RH) was 90%, photoperiod was 6/18 h (day/night) and the photosynthetically active radiation (PAR) was 200 μmol m −2 s −1 . During the growing season, air temperature was 22/15°C (day/night), air RH was 70/80% (day/night), photoperiod was 18/6 h (day/night) and PAR was 400 μmol m −2 s −1 . The soil oxygen content was measured and corrected for the soil temperature by means of a 4-Channel Fiber-Optic Oxygen Meter (OXY-4, PreSens, Regensburg, Germany), both for non-waterlogged and waterlogged seedlings in one pot per basin (24 altogether) in one chamber before the end of the DW and similarly after drainage during the follow-up growing season.
Gas exchange
Starting before the end of GW (at Week 8), one seedling per basin was randomly taken for measuring the gas exchange in lightsaturated conditions at 1-week intervals. Chlorophyll fluorescence is a measure of the potential photochemical efficiency of PSII. Two leaves were selected at random from the long side shoots in the upper part of the main shoot and CCI was measured at two points of one leaf to calculate the mean. For the fluorescence measurements, two leaves were selected at random from the upper part of the shoots and darkacclimated for 20 min before the measurements.
Sugar and starch concentration
During the growing season, six leaves were sampled at 2-week intervals from the long shoots at the middle height of one seedling per basin for the carbohydrate analyses, as in Hansen and Møller (1975) . The leaves were weighed for their fresh mass, packed in tinfoil, inserted briefly in liquid N and stored at −80°C. The leaves were thawed at room temperature and then dried at 40°C to constant weight and milled to a powder before the analyses. The soluble sugars were extracted using 80% aqueous ethanol and the concentration was determined spectrophotometrically at 630 nm after reaction with anthrone and using D-glucose (Normapur, VWR Int., Leuven, Belgium) as a standard. Starch was extracted from the residue using 30% perchloric acid. Starch concentration was determined spectrophotometrically at 625 nm with anthrone and using starch (Starch soluble -pro analysis, Merck, Darmstadt, Germany) in 30% perchloric acid as a standard.
Height growth and biomass
One seedling per basin was taken at random for measurement of the height growth of the stem. The measurements were made before the treatments and once a week during the growing season. During the experiment one seedling per basin was harvested and dried at 40°C to constant weight to assess the growth of stems and leaves. The main stem and the branches were combined for stem biomass. The biomass of the roots from the same seedlings has been reported previously (Wang et al. 2016 ),
Tree Physiology Online at http://www.treephys.oxfordjournals.org but they are shown here for comparison with the leaf and stem biomass.
Nutrients
The dried leaves used for biomass measurements were ground and analyzed for N at the end of the GW (Week 8) and 2 and 4 weeks after completion of the GW (Weeks 10 and 12). Other nutrients were analyzed only at Week 10. Nitrogen was analyzed with a LECO CHN-1000 elemental analyzer (LECO Corporation, St Joseph, MI, USA). Subsamples were digested with HNO 3 -H 2 O 2 and analyzed with an inductively coupled plasma atomic emission spectrophotometer (ICP/AES) (TJA Iris Advantage, Thermo Jarrell Ash Corporation, Franklin, MA, USA) for phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn) and boron (B) concentrations. The nutrient concentrations are expressed on a dry mass basis.
Statistical analyses
The effects of waterlogging on all of the variables were analyzed by means of a mixed linear model (procedure MIXED in SPSS 15.0.1, SPSS, Inc., Chicago, IL, USA). The variables measured repeatedly during the growing period were analyzed with the same model that was used for the calculation of the root variables and leaf area (see Wang et al. 2016 ). The nutrients measured once during the growing period were analyzed with the same model that was used for the calculation of the density of stomata (Wang et al. 2016) . The average effect (main effect) of DW that contrasts the average for NW and GW plots against the average for DW and DWGW plots and the average effect of GW that contrasts the mean for NW and DW plots against the mean for the GW and DWGW was estimated by the Bonferroni method. The significance of the difference between the treatments (DW, GW and DWGW) and the control (NW) at various sampling times was tested via the least significant difference (LSD) method. For each variable, the mean value for the basin was used in the statistical analyses. Separate analyses for the two species were conducted. The average effects over species, species effects and species interactions were tested with the full dataset, and with species and its interactions included in the models. In order to find out the relationship between the nutrients, physiological and growth parameters, correlation analyses were conducted based on Pearson's correlation coefficients. All the data for correlation analysis were taken from Week 10 (2 weeks after the end of the GW treatment). The data for root surface area, black root proportion (firm-structured fine roots, and not for the very fragile nature of dead and decomposing roots), root biomass and leaf area have been previously published (Wang et al. 2016 ). The correlation analysis was made by the package 'corrplot' in R-software (version 3.3.1).
Results
Gas exchange
The overall level of A max , g s and WUE of leaves was lower in B. pubescens than in B. pendula (Figure 1 , Table 1 ). DW had no significant effects on A max or g s in either species, whereas it affected WUE in B. pubescens seedlings. GW main effect was significant on A max and g s in B. pendula only but the interaction with time was significant in B. pubescens (Table 1) .
In B. pendula, A max and g s were significantly lower in GW and DWGW compared with NW seedlings at Week 8 (P < 0.001 for each) and at Week 11 (P < 0.01, P = 0.08, respectively for A max and P < 0.01, P < 0.05 for g s ). In addition, g s was lower in DWGW than NW seedlings at Week 9 (P < 0.05) (Figure 1a and c). In B. pubescens, lower values were found in DW, GW and DWGW compared with NW in A max (P < 0.01 for each case), and g s (P < 0.05 for each case) at Week 8 (Figure 1b and d) .
In B. pendula, WUE was lower in GW and DWGW seedlings, significantly lower in GW than in NW seedlings at Week 8 (P < 0.05) and were then increased, being higher in GW (P = 0.065) and DWGW seedlings compared with NW at Weeks 9 and 10 ( Figure 1e ). In B. pubescens, WUE was lower in DW, GW and DWGW seedlings than in NW seedlings (P = 0.063, P < 0.05 and P < 0.01, respectively) at Week 8. Moreover, it was lower in DW than in NW seedlings at Weeks 9 and 11 (P < 0.05 for each case, Figure 1f ).
Chlorophyll content index and F v/ F m No differences were found in the CCI of the leaves between the species (Figure 2 , Table 1 ). DW significantly affected the CCI of the leaves in B. pubescens only, whereas a significant effect was seen in both species by GW (Table 1 ). In B. pendula, the CCI decreased in the NW and DW seedlings during the follow-up growing season (from Week 9 to Week 12). Furthermore, GW and DWGW seedlings had significantly higher CCI compared with NW seedlings throughout the growing season (for Weeks 6, 7 and 9, P < 0.05, and for Weeks 10, 11 and 12, P < 0.01, Figure 2a ). In B. pubescens, CCI decreased in all treatments during the growing season (Figure 2b ). In addition, CCI was significantly lower in the DW than in NW seedlings (in Weeks 7, 8, 9 and 11, P < 0.05 for each). The CCI of the B. pubescens leaves in GW and in DWGW did not differ from that in NW (Figure 2b ).
There was no difference in F v /F m between the birch species, but GW significantly affected F v /F m in both species (Table 1) . In B. pendula, F v /F m was higher in the GW and in DWGW seedlings than in the NW seedlings at Weeks 10 and 11 (P < 0.05 for each, Figure 2c ). Furthermore, it was higher in the GW than in NW seedlings at Week 9 and higher in the DWGW than in the NW seedlings at Week 7 (P < 0.05 for each, Figure 2c ). In B. pubescens, F v /F m was lower in the DW than in the NW seedlings at Weeks 7 and 10 (P < 0.05 for each, Figure 2d ).
Soluble sugar and starch concentration
Soluble sugar concentration was higher in B. pubescens than in B. pendula (Figure 3a and b, Table 2 ). DW led to decreased sugar concentration significantly in B. pubescens, but GW had no effect in either species (Figure 3a and b, Table 2 ).
Starch concentration in the leaves did not differ significantly between the species (Figure 3c and d, Table 2 ). DW had no Figure 1) . Bars indicate standard error (n = 6).
Tree Physiology Online at http://www.treephys.oxfordjournals.org effect, whereas GW significantly affected the starch concentration in B. pendula (Table 2 ). Significant treatment effects were seen in B. pendula in the form of lower starch concentrations in the GW seedlings at Week 8 (P < 0.001) and in the DWGW seedlings at Weeks 8, 10 and 12 (P < 0.01, P < 0.05 and P < 0.01, respectively) compared with the NW seedlings.
Stem height growth
The mean stem height (±SE) prior to the treatments was 64.2 cm (±3.7 cm) in B. pendula and 73.5 cm (±3.1 cm) in B. pubescens. The mean apical shoot elongation at Week 9 was 3.2 cm (±0.52 cm) for B. pendula and 11.7 cm (±1.80 cm) for B. pubescens. No significant differences between the treatments were found.
Leaf and stem biomass
Leaf and stem biomass was higher in B. pubescens than in B. pendula (Tables 2 and 3 ). In B. pendula, GW affected leaf and stem biomass during the follow-up growing season (Table 2) . Leaf biomass was lower in the GW and DWGW than in the NW seedlings, with a significant difference at Weeks 8 and 10, as well as in the DWGW than in the NW seedlings at Week 12. Stem biomass was lower in the GW and DWGW than in the NW seedlings, with a significant difference at Week 10 only. Stem biomass was lower in the DW than in the NW seedlings up to Week 10, when the difference was statistically significant (Table 3 ). In B. pubescens, leaf biomass was lower in the GW than in the NW seedlings and stem biomass was lower in the GW and DWGW than in the NW at Week 12 (Table 3) . DW affected the leaf biomass of B. pubescens during the follow-up growing season (Table 2) , and a significantly higher leaf biomass was found in the DW than in the NW seedlings at Week 10 (Table 3) .
Leaf nutrients
In both species, N concentration decreased with time in all treatments. In B. pendula, N concentration (±SE) at the end of GW (Week 8) was 16.5 (±0.53) and 14.9 mg g −1 (±0.48 mg g −1 ) in the GW and DWGW seedlings, which were significantly higher compared with 13.4 (±0.69) and 12.2 mg g −1 (±0.40 mg g −1 ) in the NW and DW seedlings (P < 0.05), respectively. Four weeks after the end of GW (Week 12), N concentration in the GW and DWGW seedlings was 9.8 (±0.26) and 10.8 mg g Figure 1) . Bars indicate standard error (n = 6). Table 2 . The statistical significance of the effects of DW, GW, sampling time, species and their interactions on sugar, starch and biomass during the growing season (tested for Weeks 8, 10, and 12), where dw is the average effect of DW, gw is the average effect of GW, t is sampling time effect and s is the species effect. P values ≤0.05 are in boldface. Species-specific P values are computed from the data for the species in question only.
Response
Data P values but without significant differences between the treatments. Two weeks after completion of GW (Week 10), the N, K, Ca, Mg, Fe and Mn concentrations of leaves were higher in B. pubescens than B. pendula (Table 4 and 5). A significant main effect of DW was the reduction of Mg concentration in B. pendula (Table 5 ). In addition, the K concentration decreased in B. pendula seedlings by DW (Table 4) , while in B. pubescens, the Mn concentration increased by DW (Table 4) . GW affected most nutrients significantly. Calcium and Mg concentrations were reduced by GW similarly in both species. Additionally, K, Mn and B concentrations were reduced but N and Fe increased by GW in B. pendula. In B. pubescens, K and Zn concentrations were decreased by DWGW treatment significantly (Table 4) . Copper was the only nutrient that was not affected by waterlogging treatments.
Correlation analysis
Correlations among nutrient concentrations, root surface area, black root proportion, root biomass, leaf biomass, stem biomass, A max , g s , WUE, CCI, F v /F m , sugar concentration, starch concentration and leaf area by species are shown in Figure 4 . Several nutrients (K, Ca, Mg, Mn, B) correlate negatively with black root proportion; on the contrary, Fe shows a positive relationship with black root proportion, and negative correlations with leaf biomass and leaf area in B. pendula. Nitrogen correlated with CCI and F v /F m positively in B. pendula. However, no strong relationship between nutrients and gas exchange was found in either species. Potassium correlated positively with WUE in B. pubescens. Potassium, Ca and Mg correlated positively with root biomass in B. pendula, but no correlations were found between them in B. pubescens. Manganese correlated negatively with root surface area, stem biomass and WUE in B. pubescens. Starch concentration correlated with surface area of roots, leaf biomass and stem biomass in B. pendula, but not in B. pubescens.
Discussion
Photosynthesis and biomass
We studied the physiological responses of two closely related Betula species to waterlogging either during dormancy (DW), during the early growing season (GW) or both (DWGW). The light-saturated net assimilation rate (A max ) and stomatal conductance (g s ) were lower in GW-and DWGW-treated seedlings Table 3 . Dry mass of leaves, stems and roots (mean ± SE) of B. pendula and B. pubescens at each harvest time, by treatment (see Figure 1) Tree Physiology Online at http://www.treephys.oxfordjournals.org than non-waterlogged controls (NW) at the end of GW at Week 8 in both species. Low A max may be caused by either stomatal or non-stomatal effects (Saibo et al. 2009, Ashraf and Harris 2013) , but here it seems that the reduction of stomatal conductance resulted in lower A max in GW seedlings, while the photosynthetic machinery was apparently not affected. Chlorophyll content index and chlorophyll fluorescence (F v /F m ), i.e., indicators of the photochemistry of photosynthesis, were not negatively affected by GW in either birch species.
The decrease of stomatal conductance has been suggested to relate to the reduction of root hydraulic conductance in seedlings of Quercus robur, Quercus petraea and Fagus sylvatica (Schmull and Thomas 2000) ; however, the root hydraulic conductance was not changed in this study (Wang et al. 2016) in accordance with stomata conductance. It seems likely that the stomatal closure of leaves in B. pendula and B. pubescens seedlings during GW is mediated by chemical signals as shown in the earlier waterlogging studies (Else et al.1995) . One week after drainage, the gas exchange in GW and DWGW seedlings increased close to the level of the NW seedlings in both birch species. At the end of the experiment (Week 11), GW as compared with the control decreased g s and A max in B. pendula but not in B. pubescens. Previously, fast recovery of gas exchange after drainage has been reported in flood-tolerant species but not in intolerant species (Dreyer et al. 1991) , which support our results where A max and g s of B. pendula were negatively affected for longer as compared with B. pubescens. Nevertheless, the DW treatment alone affected the gas exchange of B. pubescens more negatively than in B. pendula and therefore categorical differences between the two species were not evident.
The light-saturated net assimilation rate (A max ) of NW in both Betula seedlings started to decline shortly after the leaves were fully expanded after Week 8. This pattern is similar to that previously reported for B. pendula in favorable water regimes in field conditions (Valanne et al. 1981 , Oleksyn et al. 2000 . In B. pendula, the decrease in CCI in the NW and DW seedlings during the growing season is a normal phenomenon, as reported previously for field-grown trees (Possen et al. 2014 ). In our study, the N concentration declined during leaf maturation. This also has been previously shown after cessation of shoot elongation (Rikala 2012) or leaf expansion (Oleksyn et al. 2000) in B. pendula seedlings. The decline in N concentration with time is concomitant with the reduction of CCI, chlorophyll fluorescence and A max , which is understandable because N is a central part of the photosynthetic enzymes. This is supported by significant correlations between CCI and N concentration in B. pendula seedlings of this study. DW did not affect any photosynthetic parameters in B. pendula but in B. pubescens, WUE and CCI were lower in DW than in NW seedlings at most sampling times. This reduction apparently led to reduced carbon assimilation and thereby to reduced sugar concentration in DW seedlings. Table 4 . The nutrient concentrations of leaves (mean ± SE) relative to the biomass of B. pendula and B. pubescens, by treatment (see Figure 1 ). Asterisks indicate the significance level of the difference from the NW control (LSD test). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 (n = 6). Starch concentration in leaves was decreased by GW in B. pendula but not in B. pubescens seedlings. Accumulation of starch in foliage was seen in some conifers (Anisul Islam and Macdonald 2004 , Sudachkova et al. 2009 , Wang et al. 2013 and some broad-leaved species, Quercus alba and Eucalyptus camaldulensis (Gravatt and Kirby 1998, Kogawara et al. 2006) under waterlogging stress, which has been associated with declined phloem transport and the inhibited sink effect of roots for carbohydrates. In the present study, the transport of carbohydrates in the phloem was probably not prevented since there was no extra accumulation in growth-waterlogged seedlings. The positive correlations between leaf starch concentration and root surface area, leaf biomass and stem biomass in B. pendula but not in B. pubescens indicate that non-structural carbohydrates were used in a different way in the two species.
Smaller leaf area in growth-waterlogged B. pendula compared with control seedlings was accompanied by smaller biomass throughout the growing season along with smaller stem biomass, which is probably connected to root impairment in growth-waterlogged seedlings (Wang et al. 2016) . However, biomass of the leaves was mainly similar in the different treatments during the whole follow-up season in B. pubescens, despite the similarly reduced leaf area in two species in growth-waterlogged seedlings. Because we did not perform microscopic studies, we cannot say if the difference depends on the leaf structure as described earlier under many stressful conditions (Guerfel et al. 2009 , Tosens et al. 2012 , Zhang et al. 2012 ).
Nutrients
The foliar N concentrations were higher in B. pubescens than in B. pendula in all treatments. This result is consistent with the study of Portsmouth and Niinemets (2006) , where the higher N concentration in the B. pubescens foliage was related to a higher growth rate and better ability to grow in nutrient poor environments compared with B. pendula. However, the only difference between the species in relation to waterlogging was that B. pendula increased the leaf N concentrations in GW more than B. pubescens, which is explained by the reduction in leaf biomass in B. pendula leading to a concentration effect at the sampling time (Week 10). The concentrations of several other nutrients were reduced especially after GW in both species, while the N and P concentrations were not; apparently their uptake was not impaired despite the negative effects of waterlogging on the roots in both species (Wang et al. 2016) . In contrast, in other studies, N concentrations have been reduced in needles of 5-week-old Scots pine seedlings by 3 weeks of waterlogging (Repo et al. 2017) , and the concentrations of amino acids in the roots of F. sylvatica, Q. robur and Populus tremula × P. alba trees were reduced (Kreuzwieser et al. 2002) . One possible reason for the different results is a low proportion of nitrate-N in the soil in our study, as nitrate is liable to both leaching and denitrification losses during waterlogging.
In addition to N, also P concentrations remained the same or slightly (non-significantly) increased after waterlogging, and like N, the overall P level was low. On the whole-plant level, adequate P nutrition is related especially to sound water uptake and transport (Lehto and Zwiazek 2011) ; the sustained P level after waterlogging may have alleviated negative effects of waterlogging, as the root hydraulic conductivity was not lowered despite the reduction in root growth (Wang et al. 2016) .
In contrast to leaf N and P concentrations, the K, Ca, Mg and to some extent Zn concentrations decreased in both species, more clearly in B. pendula. The levels of these nutrients were generally low in this experiment compared with nursery seedlings (Rikala 2012) , and in the cases of Ca and Mg, the flooding treatments further reduced the concentrations to deficiency levels. The decreases in cation concentrations are likely to be connected to impaired root functioning, which was not yet fully recovered from GW, or precipitation of oxides on the root surface (see below) (Wang et al. 2016) . In a series of experiments on the impact of nutrients on small B. pendula seedlings the results showed that K, Mg and Zn deficiency decreased net assimilation rate, dry matter partitioned to roots and nonstructural carbohydrate in leaves (Ericsson and Kähr 1993 , 1995 , Göransson 1999 . These results resemble our findings on the flooding effects, and it appears that unfavorable feed-forward processes are possible in waterlogged birches in terms of nutrient uptake and function; cation deficiencies reduce assimilation and root growth, while impaired root growth further limits their uptake.
Boron concentrations were also reduced by waterlogging. Unlike many cations, B is easily leached from waterlogged peat soils, which may explain the lower concentrations (Lehto et al. 2010) . The Fe and Mn concentrations showed a different pattern from other nutrients, as may be expected from the knowledge of their redox reactions in waterlogged soils (George et al. 2012) . The GW may also cause precipitation of Fe and P oxides on root surfaces seen as black roots also in this experiment (Wang et al. 2016) , which may also affect nutrient concentrations of leaves (Levan and Riha 1986) . This was highlighted by a negative correlation between black root proportion and the leaf K, Ca, Mg, Mn and B in B. pendula and the positive correlation between black roots and leaf Fe. Such root precipitates are not permanent, and apparently they have not seriously impeded the Fe and P uptake. The leaf Fe concentrations in growthwaterlogged seedlings in B. pendula and in all treatments in B. pubescens were higher than those reported in Saramäki and Hytönen (2004) , in which mean Fe concentration of leaves was 77 mg kg −1 in B. pendula and 90 mg kg −1 in B. pubescens mature trees, respectively. Iron may catalyze formation of hydroxyl radicals via the Fenton reaction and these reactive oxygen species may damage lipids, proteins and DNA (Winterbourn 1995) . However, it is known that B. pendula is able to take up Fe in excess (foliar concentration 200 mg kg −1
) without affecting growth (Göransson 1993) . Manganese concentration was increased by DW in B. pubescens seedlings, which might be one of the reasons for the lower WUE and chlorophyll fluorescence in this species and treatment. Excess Mn in the leaves of Betula platyphylla var. japonica reduced the photosynthetic rate, but chlorophyll fluorescence was only slightly affected (Kitao et al. 2001) . Nevertheless, the change of A max and g s was apparently not related to cation concentrations in leaves of either Betula species in the present study. Manganese concentrations were in the optimum range in all treatments (cf. Rikala 2012).
Conclusions
Declined photosynthesis due to stomatal closure and incomplete water availability during leaf formation during GW was reflected in the reduced leaf biomass especially in B. pendula; however, the stomatal conductance and photosynthesis of B. pubescens suffered more after the DW. The better ability of B. pubescens than B. pendula to grow on wet sites does not appear to be due to acclimation of photosynthesis and water relations, but to the morphological acclimation in leaves and probably to long-term morphological adaptions in the roots. Potassium, calcium and magnesium deficiencies caused by waterlogging may affect Betula seedlings negatively still after drainage.
